In-vitro sensitivity to porphyrin mediated photodynamic therapy (PDT) has been examined in cell lines resistant to hyperthermia. Parental (HA-i) and heat resistant (3012) Chinese hamster fibroblasts as well as parental (RIF-i) and temperature resistant (TR-4, TR-5 and TR-iO) mouse radiation-induced fibrosarcoma cells were evaluated for thermal and PDT sensitivity. Quantitative survival curves were generated and porphyrin uptake properties were obtained for all cell lines. Significant resistance to hyperthermia (450C for varying exposure periods) was documented for the 3012 and TR cell strains when compared to 'the parent lines. However, normal and heat resistant clones exhibited comparable levels of porphyrin uptake and photosensitivity. Our results indicate that cross resistance between hyperthermia and PDT is not observed and that members of the 70 kD heat shock protein family (which are elevated in the thermal resistant cells and may be associated with the heat resistant phenotype) do not play a significant role in modulating PDT sensitivity. Mechanisms of in-vitro cytotoxicity appear to be different for PDT and hyperthermia even though possible subcellular targets (such as the plasma membrane) and types of damage (protein denaturation) may be similar for the two modalities.
Introduction
Clinical results of photodynamic therapy (PDT) continues to show promise for the treatment of various solid malignancies (i) . The properties of porphyrin localization in tumor tissue and photochemical generation of reactive oxygen species are combined with precise delivery of laser generated light to produce a treatment which offers selective tumorcidal action (2) . This therapeutic modality shows most promise against tumors of the esophagus, bronchus, bladder, skin and cervix (3, 4, 5) .
The specific cellular targets and types of damage associated with PDT mediated cytotoxicity have not been clearly identified. Lipids, proteins and nucleic acids can all be altered or degraded to porphyrin photosensitization, and therefore PDT is capable of inducing a large assortment of damage to subcellular organelles (6) . Experiments continue to implicate the plasma membrane and mitochondria as major cellular targets PDT (7, 8, 9, 10) .
Interestingly, it appears that porphyrin mediated PDT exerts its in-vivo effect directly on tumor cells and on components of the tumor vasculature (11, 12) .
Hyperthermia (42 -47 °C) can cause cell death and hyperthermia continues to be used as an adjuvant to both ionizing radiation and chemotherapy (13) . The critical targets and modes of action related to hyperthermia mediated cytotoxicity are still being debated (14) .
PDT and hypertherxnia can both cause damage to the plasma membrane which may contribute to cell death (2, 14) . Each modality can also induce generalized protein denaturation (6, 13) .
In addition, the histological appearance of tumor tissue following PDT is similar to that observed following hyperthermia and vascular damage is believed to play a role in cytotoxicity (2) .
PDT can also induce a variety of stress proteins including members of the heat shock protein (HSP) family (1,2,15). The HSP's are routinely induced by hyperthermia and may be associated with modulation of heat sensitivity (16) (17) (18) .
Interestingly, hypertherxnia can potentiate the cytotoxic effects of PDT in a manner quantitatively similar to that observed when ionizing radiation or chemotherapy are combined with heat (19) .
In the current study, PDT sensitivity has been examined using heat resistant cell lines in order to address the questions of possible cross resistance as well as whether modes of action and/or target sites of PDT and hyperthermia are similar.
Materials and Methods
Drugs: Photofrin II was obtained from QuadraLogics Technology, Inc., Vancouver, Canada. This is the photosensitizer currently undergoing Phase III PDT clinical trials. The drug was placed in 1 ml aliquots (2.5 mg/ml) and stored at -20°C until utilized.
Cells and Cell Culture Conditions: Chinese hamster fibroblasts (designated HA-i) and a stable heat resistant variant (designated 3012) were obtained from Dr. Gloria C. Li, and were grown in MEM medium supplemented with 15% FCS and antibiotics (16) . The mouse radiation induced fibrosarcoma cell line (designated RIF-l) and three thermal resistant RIF-1 strains (designated TR-4, TR-5 and TR-lO) were obtained from Dr. George M. Hahn. RIF-1 and TR strains in passages 2-4 were used in PDT or hyperthermia experiments and these cells were grown in RPMI 1640 medium supplemented with 15% FCS and antibiotics (17) .
Light and Heat Sources: Porphyrin photosensitization experiments were performed using a parallel series of 30 watt fluorescent bulbs filtered with clear plexiglass and a ruby milar film (20) .
The emission spectrum of the light source ranged from 570 to 650 nm and the irradiance at the treatment site was 0.35 mW/cm2. Hyperthermia experiments were performed by placing sealed tissue culture flasks (T-25) in a temperature controlled water bath set at 45°C.
PDT and Hyperthermia Treatment Conditions: All cells were maintained as monolayers in exponential growth. Prior to the various treatments, appropriate numbers of cells were plated into 60 mm plastic Petri dishes (for porphyrin photosensitization exposure) or in T-25 plastic flasks (for hyperthermia exposure) .
The cells were then incubated at 37°C for 4-6 hours to allow for cell attachment. For PDT experiments, attached cells were incubated at 37°C for either 16 hours in growth media supplemented with 5% FCS and 25 ug/ml Photofrin II or for 1 hr in growth media supplemented with 1% FCS and 25 ug/ml Photofrin II. Cells were rinsed in fresh growth media supplemented with 10% FCS (without porphyrin) for 30 minutes following the 16 hr porphyrin incubation protocol or rinsed in fresh growth media (without serum) following the 1 hr porphyrin incubation. The media was removed from the Petri dishes prior to having the cell8 exposed to varying doses of red light. T-flask openings were covered with parafilm and taped prior to placement in a temperature controlled water bath for hypertherniia exposure. All cells were refed with complete growth media after treatment and incubated at 37°C for 7-12 days. The resulting colonies were fixed with methanol, stained with methylene blue and the percent survival was then calculated from standard clonigenicity assays. Three dishes or flasks were treated at each dose point in each experiment and individual experiments were repeated a minimum of 3 times. Cellular Porphyrin Uptake: Intracellular porphyrin concentrations were determined by absorption spectroscopy (21) .
Briefly, Photofrin II was extracted from cells in 0.1 N NaOH and total porphyrin concentrations were determined from a calibration curve using absorption ratio measurements at 390 and 470 rim.
RNA analysis: The amount of mRNA encoding for HSP-70 in HA-i and 30i2 cells was determined by Northern analysis. Total RNA was extracted from exponentially growing cells using the guanidine isothiocyanate method of Chirgwin (22) .
The RNA was size separated on a denaturing agarose gel and then transferred to a nitrocellulose filter. cDNA probes to human HSP-70 (designated pH2.3 and obtained from the ATCC Repository) and to human alpha tubulin (designated k-alpha-i and obtained from E. Bogennman) were labelled with 32P via the random primed DNA labeling (23) .
The filters were hybridized to the HSP-70 probe at 42°C for 24 hours and then washed at room temperature in 0.1 X SSC and 0.1% SDS for 1 hour. The filters were then dried and exposed to Kodak XAR-5 X-Ray film. Radioactivity was removed from the filters by rinsing in water at 950C and the filters were then rehybridized with k-alpha-i (alpha tubulin) cDNA.
Results Figure 1 shows the constitutive levels of HSP-70 mRNA in HA-i and 30i2 cells. Analysis of alpha tubulin mRNA levels were also determined for the same filter in order to evaluate RNA loading profiles. The amount of HSP-70 mRNA was found to be higher in the thermal resistant 30i2 cells which agrees with previous reports indicating that the 30i2 cells have higher levels of HSP-70 protein (determined by polyacrylamide gel electrophoresis analysis) than the parental HA-i cells (i6,i8) .
Survival curves for HA-i and 30i2 cells exposed for increasing time intervals to 45°C hypertherrnia are shown in Figure  2 . The parental HA-i cells were found to be significantly more sensitive to hyperthermia than the 30i2 cells which also agrees with previous reports (i6,i8) Figures 3 and 4 show survival curves for HA-i and 30i2 cells exposed to red light following either a i hour or i6 hour porphyrin incubation. The PDT mediated sensitivity of the parental and heat resistant.cell lines were identical when the i6 hr porphyrin incubation protocol was used. The 30i2 cells was slightly more resistant to PDT following a i hour porphyrin incubation than the HA-i cells but the standard errors for the individual mean values overlapped for the two cells lines. The HA-i and 30i2 cells were also observed to accumulate comparable amounts of Photofrin II (data not presented). Figure 5 shows cell survival curves following exposure to 45°C hyperthermia for both the parental RIF-i and temperature resistant (TR) strains. The TR cell lines examined in our experiments showed significant resistance to heat which is in agreement with previous reports (17) .
The sensitivity of the RIF-1 and TR strains to PDT is shown in Figures 6 and 7 . Comparable levels of cell photosensitivity were obtained for cells exposed to either the short (1 hour) or extended (16 hour) porphyrin incubation procedure. Uptake of Photofrin II in the RIF1 and TR strains was also similar. Discussion
The primary targets and/or types of damage associated with hyperthermia and porphyrin mediated PDT have not been adequately defined. Questions also remain as to whether the actual in-vivo targets for these two therapies are associated primarily with the tumor vasculature or directly with the tumor cells. Interestingly, there are a number of similarities related to possible subcellular targets and in-vivo mechanisms of action of the two therapeutic modalities. Both modalities have been reported to cause damage to the plasma membrane. Heat induced aggregation and or denaturation of cellular proteins may also play a role in cell killing and this generalized phenomenon is also associated with PDT induced cytotoxicity. Nuclear damage does not appear to play a major role in the expression of cytotoxicity for either heat or PDT. In-vivo and in-vitro/in-vivo studies have shown that damage to the tumor vasculature is induced soon after exposure to either PDT or hyperthermia. However, while similarities exist between hyperthermia and PDT, there is also considerable evidence arguing against similar modes of action for these two modalities. Heat has clearly been shown to synergistically enhance the cytotoxic actions of both ionizing radiation and various chemotherapeutic drugs. However, the interactions of PDT with either ionizing radiation or chemotherapy have been at most additive. The synergistic effect which is observed when PDT and hyperthermia are combined also suggests differing modes of action. In addition, modulations that induce stable heat resistance (as in the case of the 3012 and TR cell strains) do not effect the sensitivity to PDT. Stress proteins such as HSP-70 may play a role in modulating the expression of subcellular damage and cell cytotoxicity induced by hyperthermia (16) (17) (18) .
Oxidative stress induced by porphyrin mediated PDT has been shown to increase the levels of HSP-70 and GRP-78 mRNA and protein (1,2,15 ) .
In addition, we have recently observed that porphyrin mediated PDT can induce a transient increase in mRNA levels of heme-oxygenase and metallothionein 4. Multiple transcription factors can regulate the activation of these genes and studies focused on PDT mediated gene regulation may provide information on both target sites and subcellular mechanisms for photosensitizers. Interestingly, heat resistant cell lines, which have constitution elevated levels of members of HSP-70 (16, 24) , did not demonstrate cross resistance to porphyrin mediated PDT. Therefore, while HSP-70 may modulate thermal sensitivity, it is unlikely that HSP-70 is associated with modification of cellular photosensitivity.
PDT protocols which utilized both short (1 hr) and extended (16 hr) porphyrin incubations were examined during the current study in an attempt to modulate the subcellular targets effected by PDT (20, 25) . A short porphyrin incubation is thought to be associated with plasma membrane bound drug and damage induced primarily to the plasma membrane. The extended porphyrin incubation combined with a 30 minute rinse is considered to mediate a mitochondrial localization of porphyrin with resulting structural and enzymatic mitochondrial damage following PDT. Recent data suggests that thermal resistance observed in the RIF TR strains is due to membrane fluidity alterations (24) . Interesting, we did not observe any significant changes in photosensitivity (comparing the parent RIF-1 and the TR strains) using Photofrin II incubation conditions which would lead to either membrane or mitochondrial damage.
In conclusion, parent and heat resistant clones exhibited comparable levels of porphyrin uptake and photosensitivity. These results indicate that cross resistance between hyperthermia and PDT is not observed and that members of the 70 kD heat shock protein family (which are elevated in the thermal resistant cells and may be associated with the heat resistant phenotype) do not play a significant role in modulating PDT sensitivity. Mechanisms of in-vitro cytotoxicity appear to be different for PDT and hyperthermia even though possible subcellular targets (such as the plasma membrane) and types of damage (protein denaturation) may be similar for the two modalities. 
